1. The ribosomal subunits of one thermoacidophilic archaebacterium (Caldariella acidophila) and of two reference eubacterial species (Bacillus acidocaldarius, Escherichia coli) were compared with respect to ribosome mass and protein composition by (i) equilibrium-density sedimentation of the particles in CsCl and (ii) gel-electrophoretic estimations of the molecular weights of the protein and the rRNA. 2. By either procedure, it is estimated that synthetically active archaebacterial 30S subunits (52% protein by wt.) are appreciably richer in protein than the corresponding eubacterial particles (31% protein by wt.). 3. The greater protein content of the archaebacterial 30S subunits is accounted for by both a larger number and a greater average molecular weight of the subunit proteins; specifically, C. acidophila 30S subunits yield 28 proteins whose combined mass is 0.6 x 106 Da, compared with 20 proteins totalling 0.35 x 106Da mass for eubacterial 30S subunits. 4. No differences in protein number are detected among the large subunits, but C. acidophila 50S subunits exhibit a greater number-average molecular weight of their protein components than do eubacterial 50S particles. 5. Particle weights estimated by either buoyant-density data, or molecular weights of rRNA plus protein, agree to within less than 2%. By either procedure C. acidophila 30S subunits (l.15 x 106 Da mass) are estimated to be about 300000Da heavier than their eubacterial counterparts (0.87 x 106Da mass); a smaller difference. 0.15 x 106 Da, exists between the archaebacterial and the eubacterial 50S subunits (respectively 1.8 x 106 and 1.65 x 106 Da). It is concluded that the heavierthan-eubacterial mass of the C. acidophila ribosomes resides principally in their smaller subunits.
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The discovery of a tripartite division of extant life forms into the three distinct domains of eubacteria, archaebacteria and eukaryotes (Woese et al., 1978) suggests that the classical dichotomy of contemporary ribosomes into a 70 S class of traditionally recognized prokaryotes, and an 80 S class for eukaryotic cytosol, may soon be surpassed. Actually, archaebacterial ribosomes constitute a surprising mosaic of both eubacterial and eukaryotic attributes. For instance, they are unaffected by a variety of antibiotics which inhibit peptide-bond formation on 70S ribosomes (Zillig et al., 1982) , being sensitive to certain antibiotic probes which specifically block peptide-chain elongation on 80S ribosomes (Kessel & Klink, 1981) . Moreover, an archaebacterial acidic 'A'-protein has been shown to contain eukaryotic-type sequences (Matheson et al., 1980) . In spite of these eukaryotic features, archaebacterial ribosomes contain 16S and 23 S RNA species, and they are totally insensitive in vitro to the strictly eukaryote-specific drugs ricin and abrin (P. Cammarano, unpublished work), which inhibit peptide-chain translocation on 80 S ribosomes by catalytically and irreversibly modifying their 60S subunits (Olsnes & Pihl, 1977) . Nevertheless, there is still a considerable dearth of data about the formal specificity of archaebacterial ribosomes.
In previous work (Cammarano et al., , 1982a we have characterized the ribosomes of the extremely thermoacidophilic archaebacterium 0306-3275/83/020461-10$2.00 X 1983 The Biochemical Society Vol. 209
Caldariella acidophila strain MT4 (De Rosa et al., 1975) with respect to the thermal stabilities of the 30 S and 50S subunits and the main secondary-structure features of their rRNA moieties. In the present study we have attempted to gain some insight about the structural properties of archaebacterial ribosomes; for this purpose, the particle mass and the protein composition of C. acidophila ribosomes have been characterized and compared with those of both mesophilic (Escherichia coli) and moderate thermoacidophilic (Bacillus acidocaldarius) (De Rosa et al., 1974) eubacteria. The aggregate masses of the monomer and the subunits have been estimated from (a) the buoyant densities of the formaldehyde-treated subunits (Cammarano et al., 1972; Sacchi et al., 1977) and (b) the molecular weights of the individual proteins and those of the cognate rRNA species.
The principal result in the present paper is the evidence that C. acidophila ribosomes are intermediate between those of the eubacteria and the eukaryotes; the larger-than-eubacterial mass of C. acidophila ribosomes is principally accounted for by an appreciably larger complement of 30S subunit proteins, the latter being more numerous, and also larger on average, than those of the reference eubacterial species. Although the present findings cannot be extrapolated to other archaebacterial orders, there is good circumstantial evidence that a heavier-than-eubacterial ribosome constitutes an inherent phylogenetic distinction of the SulfolobusCaldariella branch (Zillig et al., 1980) of thermoacidophilic archaebacteria.
Methods
Growth of bacteria, labelling conditions and isolation ofribosomes C. acidophila (strain MT4) and B. acidocaldarius cells were grown at 85°C and 650C respectively, as described by De Rosa et al. (1974 . E. coli, RNAase Iy0 strain (Gesteland, 1966) Isolation of 'crude' and 'high-salt-washed' ribosomal subunits The 50S and 30S ribosomal subunits from all microbial sources were separated by sedimentation-velocity sedimentation of 'crude' ribosomes (15 A260 units) on 11.5ml linear 10-30% (w/v) sucrose density gradients made in lOmM-Tris/HCl (pH 7.5)/ 10mM-magnesium acetate /0.5 mM-dithiothreitol.
The gradients were centrifuged in a Spinco SW 41 rotor operated at 40000g for 3.5h at 4°C; effluent volumes corresponding to the 50S and 30S peaks of A260 were separately collected, and the ribosomal subunits, termed 'crude' subunits, were sedimented by centrifugation in a Spinco 40K rotor operated at 37 000 rev./min for 12 h at 40C.
The subunits were routinely purified by an additional velocity-sedimentation cycle through 11.5 ml linear 10-30% (w/v) sucrose gradients made in a 'high-salt buffer' [10 mM-Tris/HCl (pH 7.5)/ 10 mM-magnesium acetate/ 1.0 M-NH4Cl); the gradients were centrifuged for 3.5h at 40000rev./ min at 40C and the subunits, termed 'high-saltwashed' subunits, were again collected by high-speed centrifugation of the effluent volumes corresponding to 50S and 30S peaks of A260. The pellets of 'high-salt-washed' ribosomes were lastly dissolved in lOmM-Tris/HCl (pH 7.5)/10mM-magnesium acetate/20mM-NH4Cl/1.OmM-dithiothreitol. (v/v) glycerol at lOmg/ml.
Isodensity sedimentation of ribosomes in CsCl gradients Ribosomal subunits were fixed with formaldehyde and banded to their equilibrium position in preformed CsCl gradients containing formaldehyde as described by Cammarano et al. (1972) . Acidinsoluble 3H radioactivity of effluent fractions was measured as described by Sacchi et al. (1977) The protein weight fractions and the particle weights of ribosomal subunits were calculated from Particle weights of ribosome of an archaebacterial species the reciprocals of the buoyant density, I/pcscl, as described by Sacchi et al. (1977) .
Polyacrylamide-gel electrophoresis of ribosomal proteins Separation of proteins (80-120pg) in the first dimension was performed cathodically in 4.0% (w/v)-acrylamide gel columns (10 cm x 0.2 cm) as described by Metz & Bogorad (1974) (w/v) acrylamide 'stacking gel' (2 cm x 10cm x 0. 15 cm). The first-dimension gel column was cemented to the slab with 1.0% (w/v) agarose in 0.5 M-Tris/HCl (pH 6.8)/1.0% (w/v) sodium dodecyl sulphate/5.0% (v/v) glycerol, and the proteins were electrophoresed anodically at a constant current of 25 mA/ slab gel until the tracking dye reached the gel bottom. The gels were stained for at least 12 h in 50% (v/v) methanol/7.5% (v/v) acetic acid/0.1% (w/v) Coomassie Brilliant Blue R-250 and were destained with the same solution lacking the dye.
Apparent molecular weights of the ribosomal proteins were assigned on the basis of their relative mobilities in the second-dimension gel (Bickle & Traut, 1974) . The following proteins were used as the molecular-weight markers: bovine serum albumin (mol.wt. 68000), ovalbumin (mol.wt. 46000), chymotrypsinogen (mol.wt. 25 700), lysozyme (mol.wt. 14000).
Poly(U)-directedpolyphenylalanine synthesis
Poly(U)-programmed C. acidophila cell-free systems (125,u1) contained (per ml): 400pmol each of 50S subunits (0.6mg) and 30S subunits (0.4mg); 2.0mg of crude enzyme protein; 80,ug of tRNA; 160ug of poly(U); 2.4,umol of ATP; 1.6,umol of GTP; 254umol of Tris/HCl (pH7.3); l9,umol of magnesium acetate; 3.0,umol of spermine; lO,umol of NH4Cl; 20,umol of dithiothreitol; 1.2,uCi of [U-14Clphenylalanine (sp. radioactivity 513 Ci/mol) (The Radiochemical Centre). The reaction mixtures were incubated at 750C for 30min, and hottrichloroacetic acid-insoluble 14C radioactivity was determined as described by Mans & Novelli (1961) with a 58% counting efficiency. A crude enzyme protein fraction was obtained from the 105000g supernatant of cell extracts (Nirenberg & Matthaei, 1961) by precipitation with (NH4)2SO4 at 70%
Vol. 209 saturation (Staehelin & Maglott, 1971) ; the protein was dissolved in 20mM-Tris/HCl (pH7.3)/l.OmMmagnesium acetate/0.5mM-dithiothreitol/10% (v/v) glycerol, and extensively dialysed against the same buffer.
Other procedures rRNA was isolated as described by Cammarano et al. (1980) and electrophoresed on polyacrylamide-gel columns as described by Loening (1968) ; C. acidophila tRNA was isolated and deacylated as described by Zubay (1962) . RNA concentrations were determined spectrophotometrically by assuming a specific absorptivity, Al% (1 cm lightpath) = 243. Ribosomal protein was measured by the method of Lowry et al. (1951) , with bovine serum albumin as the standard. Concentrations of 50S and 30S subunits were determined spectrophotometrically as described by Cammarano et al. (1972) .
Results
Equilibrium density sedimentation of 'crude' and 'high-salt-washed' 50 S and 30 S subunits A series of preliminary experiments was performed to define optimal conditions for removal of ribosome-bound extrinsic proteins; the degree of purity of the subunits was assessed by monitoring the density distribution profile of both 'crude' and 'high-salt-washed' particles.
The equilibrium-density-sedimentation profiles of C. acidophila 'crude' 50S and 30S subunits consistently provided an heterodisperse array of A260 bands ranging in density from p= 1.48 to 1.62g/ cm3, with main components displaying buoyant densities of 1.52 g/cm3 (30S subunits) and 1.56g/ cm3 (50S subunits) (Table 1) ; these results indicated that the preparation of crude subunits constitutes a haphazard collection of ribonucleoprotein particles having very different protein/RNA ratios.
However, when C. acidophila 'crude' subunits were subjected to a second velocity-sedimentation cycle in sucrose gradients containing NH4C1 concentrations of 0.5 M or higher, a different pattern was obtained (Table 1) . Both subunits provided single, symmetrically shaped, narrow bands of A260, displaying buoyant densities of p = 1.56 g/cm3 (30S subunits) and p = 1.64 g/cm3 (SOS subunits); these buoyancy values remained essentially unchanged when the NH4C1 concentration of the 'high-salt' sucrose gradients was raised to 1.0 M, of after treatment of the 'crude' subunits with sodium deoxycholate (1.0%, w/v, final concn.) before their centrifugation in sucrose gradients made in 1 M-NH4C1.
In contrast with C. acidophila ribosomes, the equilibrium-density-sedimentation patterns of the eubacterial (E. coli and B. acidocaldarius) 30S and where VRNP, the partial specific volume of the ribonucleoprotein particles, is taken as equal to I/pcscc. Particle weights were calculated from (Sacchi et al., 1977) :
Particle wt. = rRNA mol.wt./RNA (%, by wt.) rRNA weights were taken as 0.55 x 106 (16 S RNA) (Ehresmann et al., 1975 ), 1.10 x 106 (23 S RNA) (Kurland, 1960; Granboulan & Scherrer, 1969) and 0.04 x 106 (5 S RNA) (Erdmann, 1976 (Table 1) . In essence, the results in Table 1 show that both subunits of C. acidophila ribosomes contain a greater proportion of tenaciously bound adventitious proteins, not easily removed by washing than do their eubacterial counterparts. Nevertheless, 'high-salt-washed' C. acidophila 50S and 30S subunits still display appreciably lower buoyant densities than do comparable samples from eubacterial sources. This is clearly shown by the experiment in Fig. 1 , in which 3H-labelled subunits of E. coli ribosomes were centrifuged on the same CsCl gradient with unlabelled C. acidophila ribosomal subunits.
Functional integrity ofhigh-salt washed subunits
To test whether the proteins lost by C. acidophila ribosomes during sedimentation in high-salt sucrose gradients are structural components (stably and permanently assembled with the cognate rRNA) or adventitious proteins cross-linked by formaldehyde, the subunits purified with various concentrations of NH4Cl were assayed at 750C in a poly(U)-directed, spermine-dependent, cell-free system, both in the presence and in the absence of added enzymes and factors.
As Fig. 2 shows, in the presence of added soluble components, ribosomal subunits washed with up to 1 M-NH4CI are equally active as the parent 'crude' particles, an abrupt loss of synthetic activity occurring between 1 M-and 1.5 M-NH4CI; on the other hand, in the absence of added soluble proteins, only the subunits washed with 1 M-NH4Cl were totally deprived of particle-bound activating enzymes and elongation factors. Both the 30S and 50S subunits are inactivated by the high-salt treatment; as shown in Table 2 , reciprocal combinations containing a high-salt (1.5 M-NH4+)-washed subunit and a 'healthy', low-salt (100mM-NH4+)-washed complementary subunit retain no more than 10% of the activity of control assay systems containing both 'healthy' subunits. As specified below, the loss of activity is paralleled by the loss of a number of 30 Sand 50 S-subunit proteins. Accordingly, a purification protocol involving treatment of the 'crude' subunits with 1 M-NH4Cl was adopted as the best compromise to ensure removal of most extrinsic proteins without concomitantly releasing proteins required for synthetic activity.
Chemical composition and particle weights of C. acidophila ribosomes From the data in Table 1 , high-salt-washed C. acidophila 30S and 50S subunits are estimated to contain 53% and 38% protein by wt. respectively. They are thus appreciably richer in protein than their eubacterial counterparts (respectively 35% and 31% protein by wt.). Fraction no.
Fraction no. triethanolamine/HCl (pH 7.6). The CsCl gradients were preformed in SW41 Spinco tubes by using a two-chamber mixing device containing 3.0ml of CsCl of p = 1.58 g/cm3 plus the sample of fixed ribosomes in the back chamber, and 3.7 ml of CsCl of p = 1.76 g/cm3 in the front chamber. CsCl was dissolved in 25mM-triethanolamine/HCI (pH7.6)/SOmM-KCl/1% (v/v) formaldehyde. The gradients were centrifuged for 20h in a Spinco SW 41 rotor operated at 40C and 35 000rev./min, and fractions (l50,ul) were collected dropwise; 1,p1 samples of chosen fractions were withdrawn to measure the refractive index, which was corrected by subtracting the refractive index of 25mM-triethanolamine/HCl (pH7.6)/SOmM-KCl/1% formaldehyde. The effluent fractions were diluted to 0.5ml with water for measurements of A260 and trichloroacetic acid-precipitable radioactivity. *, Acid-precipitable 3H radioactivity (E. coli subunits); 0, A260 (C. acidophila subunits); U, density of CsCl.
The possibility that the relatively low buoyant densities of C. acidophila subunit particles reflect a smaller rRNA mass than exists in eubacterial ribosomes can be discounted; when equimolar amounts of C. acidophila and E. coli rRNA were co-electrophoresed on a same gel column, only two symmetrical A260 bands, with the expected 2: 1 ratio of heavy to light component, became apparent.
From the chemical composition and the rRNA molecular weights we calculate (Table 1) that the 30S and 50S subunits of C. acidophila ribosomes have particle weights of 1.16 x 106 and 1.83 x 106Da respectively, being substantially heavier than the corresponding subunits of eubacterial ribosomes (0.9 x 106 and 1.65 x 106 Da).
Number and molecular weights of individual ribosomal proteins
To obtain an independent estimate of ribosome weights, the protein moieties of 'high-salt-washed' C. acidophila, B. acidocaldarius and E. coli 30S and Vol. 209 50S subunits were characterized and compared by two-dimensional gel electrophoresis. Fig. 3 illustrates typical electrophoretic patterns of the archaebacterial and the eubacterial 30 S subunit proteins. The reference E. coli and B. acidocaldarius patterns display an identical number of proteins (20 clearly resolved spots), although most proteins from the two eubacterial species exhibit different mobilities, as expected (Geisser et al., 1973) ; compared with those of eubacteria, C. acidophila 30 S subunits are characterized by a larger protein complement, consisting of no less than 26-28 electrophoretically resolved components, generally less basic than their eubacterial counterparts; this latter argument is clearly indicated by the clustering of protein spots in the anodic region of the first-dimensional gel (Fig. 3a) .
Typical electrophoretic patterns of 50S-subunit proteins from the three microbial species investigated are shown in Fig. 4 . Compared with the 30 S-subunit patterns in Fig. 3 , the 5OS-subunit Fig. 2 . Polyphenylalanine-synthesizing capacity of C. acidophila ribosomal subunits purified with increasing concentrations ofNH4Cl Equimolar amounts of 30S and 50S subunits purified by zone-velocity sedimentation on sucrose gradients containing lOmM-Tris/HCl (pH 7.3)/ 10mM-magnesium acetate and the specified concentrations of NH4C1 were incubated in cell-free polyphenylalanine-synthesizing systems as described in the Methods section. The systems were entirely dependent on the presence of 2-3 mM-spermine and exhibited maximum activity at 75-80°C. In the presence of soluble enzyme proteins, the combined 30S and 50S subunits exhibited the same synthesizing activity, 5 pmol of phenylalanine/pmol of 50S subunits (30min incubation), as control systems containing a comparable amount of undissociated, 'crude', 70S ribosomes. 0, Hot-trichloroacetic acid-precipitable radioactivity in the presence of soluble enzyme proteins; 0, hot-trichloroacetic acid-precipitable radioactivity in the absence of soluble enzyme proteins. large-subunit proteins Numbered spots correspond to proteins that were clearly and reproducibly resolved in at least three replicate experiments. Some numbered spots which are not discernible on the photographs were clearly, albeit faintly, visible on the original electrophoretograms. The indicated molecular-weight scale was deduced from the mobilities of the marker proteins during the second-dimension run (see the Methods section). Tables 3 and 4 . Particle weights computed from the molecular weights of the protein and the rRNA are summarized in Table 5 . The results allow the following conclusions: (a) C. acidophila 30S subunits are about 280000Da heavier than eubacterial 30S subunits, owing to both a larger number of proteins and a greater average molecular weight of the protein components; (b) C. acidophila 50S subunits are about 150000Da heavier than their E. coli and B. acidocaldarius counterparts, owing principally to a greater average molecular weight of their subunit proteins. An excellent agreement exists between the particle weights deduced from gel-electrophoretic experiments and those computed from buoyancy data. By averaging the results in Table 1 (buoyant-density method) and Table 5 ) it is estimated that C. acidophila ribosomes have a 1.15 x 106Da 30S subunit and a 1.82 x 106Da 50S subunit. The corresponding values for E. coli 30S and 50S subunits are 0.87 x 106 and 1.75 x 106 Da, in agreement with data based on both hydrodynamic (Hill et al., 1970) and optical methods (Reale-Scafati etal., 1969).
Discussion
The results in the present paper provide evidence that ribosomes of the extremely thermoacidophilic archaebacterium C. acidophila are about 400000Da heavier than their eubacterial counterparts (particle wt. 2.6 x 106Da).
The larger-than-eubacterial size of the C. acidophila ribosomes appears to be principally accounted for by an appreciably greater mass of the small subunits, whose gross structural features (particle weight, number of individual proteins, protein/RNA ratio) resemble more closely eukaryotic 40S subunits than eubacterial 30S subunits (see Table 5 ); mammalian 40S subunits contain about 30 proteins, whose combined mass is about 0.74 x 106Da (Wool, 1980) , and C. acidophila 30S subunits contain about 28 proteins, amounting to 0.60 x 106Da mass; finally, unlike E. coli and B. acidocaldarius 30S subunits, which show a characteristic 'eubacterial' 2:3 ratio of protein to RNA, C. acidophila ribosomes exhibit a typical 'eukaryotic' 1: 1 protein/RNA mass ratio of the small subunits. Kaltschmidt & Wittmann's (1970) (7) 17.0+ 1.0 (7) 17.5 + 1.1 (7) 16.5 + 1.5 (6) 16.0+ 1.1 (6) 15.0+ 1.0 (7) 15.0+ 1.0 (6) 14.0+0.7 (7) 14.0+0.7 (6) 13.0+ 1.2 (5) 12.5 + 0.8 (7) 12.0+ 1.1 (7) 11.5+ 1.5 (5) 9.5+1.2(3) 8.4 + 1.5 (3)
The possibility that a greater-than-eubacterial number of proteins may arise from proteolytic cleavage at sensitive peptide bonds is unlikely, since all C. acidophila enzymes tested so far are essentially inactive below 45-400C (P. Cammarano, unpublished work). The additional argument that supernumerary proteins may be chemically modified forms of another polypeptide should be excluded, since the particle weights calculated by the number and the molecular weights of the electrophoretically resolved proteins are no greater than those obtained by the buoyant-density method.
Nevertheless, estimations of ribosome weights are generally beset with an inherent ambiguity, since there are no strict criteria to discriminate between structural proteins, permanently assembled with the cognate rRNA, and adventitiously bound com- ponents. In the present paper the choice has been made to consider as true ribosomal constituents those proteins that appear in the gel-electrophoretic patterns of subunits washed with 1 M-NH4Cl, since subunits washed with salt concentrations higher than 1 M lose some proteins that are apparently required for synthetic activity, whereas subunits washed with less than 1 M salt still contain bound enzymes and factors. Furthermore, no protein spots corresponding to mol.wts. of 50000 (C. acidophila elongation factor Tu) (P. Cammarano, unpublished work) and 68000 (archaebacterial elongation factor 2) (Kessel & Klink, 1980) were detected in the protein patterns of subunits washed with 1 M-NH4Cl.
While this manuscript was being completed, the ribosomal-protein patterns of several thermoacidophilic archaebacterial species belonging to the Sulfolobus genus have been reported (Schmid & Bock, 1982 Kaltschmidt & Whitmann's (1970) nomenclature are reported in parentheses whenever identification was possible by comparison of the electrophoretic patterns in the present paper with those reported by Kyriakopoulos & Subramanian (1977) . The protein designated la was missing from about 30% of the subunits zonally centrifuged in the presence of 1.OM-NH4Cl. Numbers The number of proteins represents the number of clearly resolved spots in the electropherograms. The total protein weights were calculated as the sum of the molecular weights of individual subunit proteins (Tables 3 and 4 Sulfolobus sp. P1 from Italian sources are highly congruent and are also congruent with the C. acidophila protein patterns in the present paper; therefore, it is highly probable that (a) the C. acidophila MT4 strain of De Rosa et al. (1975) is identical with the isolate termed Sulfolobus sp. P1 and with other Sulfolobus species, and (b) a greaterthan-eubacterial type of ribosome constitutes an inherent feature of the Sulfolobus-Caldariella group (see Zillig et al., 1980) . The general significance of these results remains uncertain. Organisms belonging to the SulfolobusCaldariella group are adapted to growth in extremely hot habitats, and the accretion of supernumerary ribosomal proteins may be required to maintain both fidelity and efficiency in code translation at temperatures close to the boiling point of water. Alternatively, larger-than-eubacterial ribosomes, with unusually protein-rich small subunits, may constitute a common phylogenetic distinction of the third, archaebacterial, urkingdom. Although more appealing, this latter alternative cannot be surmised until C. acidophila or other Sulfolobus ribosomes, are compared with ribosomes of other, less thermophilic and mesophilic, archaebacteria.
